In this article, the potential for artificial groundwater recharge of Wadi Al-Butum catchments area-Jordan is studied, using geoelectrical resistivity surveys and hydro geochemical methods with the aim of storing some of surface water during flood events times to be recharged in the groundwater as an essential part of integrated water resources management. The results of geoelectrical surveys show the existence of potential zones of alluvial deposits to store and recharge the groundwater aquifers. The hydro-geochemical modeling results show an overall upgrading of the original groundwater quality could be expected.
Introduction
Jordan is located in an arid to semi arid lands, and it is considered among the scarcest water resources countries in the world. About 81% of its area receives rainfall in average less than 100 mm/year [1] . Most of the received precipitation is being lost due to the high evaporation rates [2] . Jordan is characterized by severe weather conditions, therefore great temporal and spatial variations in rainfall; runoff and evaporation amounts are expected [3] . The annual population growth rate in Jordan is estimated to be around 2.65%. Based on this percentage, it is estimated that the total population in Jordan will be around 12 millions by 2020 [4] . This will add more pressures on the existing water resources in the country leading to a massive decrease in per capita to 85 m 3 ·capita -1 ·year -1 by 2025 [4] . One alternative to water sustainability crisis occurring in arid land is groundwater artificial recharge. It refers to the entry of water from the unsaturated zone into the saturated zone below the water table together with the associated flow away from the water table within the saturated zone [5] . The major source of water for recharging groundwater aquifers in arid and semi-arid zones is wadi runoff [6] .
Wadi Al-Butum sub catchments area located in the Jordanian desert and surrounded the historical archeological site-Qasar Amra. The principle groundwater aquifer beneath Wadi Al-Butum is the Rijam formation B4 which outcrops at the surface along wadi beds in some places. Although the B4 aquifer derives the majority of its recharge from the north and northeast (basalt area), significant recharge does come from the area immediately surrounded the wadi [7] .
According to previous studies conducted by [1] , it was concluded that the runoff along Wadi Al-Butum is generated when a precipitation event exceeds in its amount 15 mm. In the period 1969 to 2006 only three years 1998/ 1999, 1999/2000 and 2001/2002 show that all the rainfall events taking place in these years were less than 20 mm. But the total runoffs in these years were 33,400, 71,600 and 104,900 m 3 respectively. The total annual runoffs in the period 1969 to 2010 ranged from 33,000 m 3 as a minimum to 65.6 million m 3 as a maximum [1] . The infiltration rate in Wadi Al-Butum area was estimated to be 0.197 m/day [7] .
Recently, several studies have been used integrated techniques in order evaluate the groundwater occurrences and locate artificial recharge zones and finding suitable sites for artificially groundwater recharge (e.g. [8, 9] ).
In this present study, hydro-geophysical investigations including vertical resistivity sounding surveys and hydrogeochemical modeling were carried out with the aim of studying the potential for artificial groundwater recharge in Wadi Al-Butum catchments area.
Geology of the Study Area
The study area was mapped several times during the last few decades as part of regional mapping program [12] [13] [14] . The study area incorporates exposures of sedimentary rocks, ranging in age from Cretaceous to Quaternary. The Quaternary deposits cover in the east the underlying Tertiary deposits. The latter are intermittently exposed at the surface in the west and southwest [15] . The sedimenttary sequence includes limestone, chert, marl, chalk, sandstone, clay and evaporites. These rocks are frequently covered with a variably thick sequence of superficial deposits including alluvium, mud-silt in flats, chert pavement, Pleistocene gravels, and sand and evaporites incrustations [12] . In the subsurface a thick sedimentary section changing in thickness as well as varying in the litho-stratigraphic and formational units underlie the study area. These sediments range in age from early Paleozoic to Pleistocene and are primarily composed of carbonates, sandstones and shale. The major thickness reduction in the sequence is towards west and southwest [15] . The Cretaceous to Tertiary deposits in the area comprise a thick sedimentary section measuring more than 350 m mostly of marine sediments. In Jordan the Lower Cretaceous boundary with older units is well identified by a recognizable sandstone unit of the Nubian type known as the "Kurnub Sandstone". This is identified in the area in several wells, as the sandstone formation underlying the carbonate facies of Cenomanian age. This sandstone unit varies in thickness, depth, and marks the transition zone of the major unconformity between the Jurassic and the early Cretaceous. Table 1 lists the lithostratigraphic successions in the study area with a brief description for each formation.
Discussion and Results

Geoelectrical Data Acquisition and Processing
Ten Vertical Electrical Resistivity Soundings (VES) were conducted along the course of Wadi Al-Butum (Figure 2) , using an ABEM CAMPUS GEOPULSE Ltd. resistivity meter. Schlumberger configuration of electrodes was used in the field surveys. The profiles were directed into N-S direction perpendicular to the Wadi Al-Butum Course. The maximum current electrodes separation extends up to 1000 m. The increase of electrical electrodes separation lead to rapidly reduced the potential difference to be measured at potential electrodes [16] ; therefore the potential electrode distances were increased gradually to get a better signal. The selection of soundings location was governed by the site conditions. The apparent resistivity values were obtained by multiplying the field resistance measurements by configuration factor at each of electrodes separation. The calculated apparent resistivity measurements were plotted against half of the current electrode spacing (AB/2) on bi-logarithmic scale, a traditional interpretation techniques by curve matching and drawing auxiliary point diagram [17] was applied. Based on this preliminary interpretation, an initial estimation of resistivities and thicknesses of various geo-electrical layers was obtained. These preliminary estimations were later used as a start model incorporating known geology and the available well data for a fast computer-assisted interpretation RESIST written by [18] . The results of interpretation were also compared with the result of purely automatic inversion programs without any assumptions of layering model in which the layering model is obtained directly from a digitized sounding curve [19] . In order to get a reasonable interpretation of geoelectrical measurements about the hydro-geological setting of the study area, a correlation between the available borehole log records in the vicinity of surveyed sites have been constructed (Figure 3 ) and used in deducing the Lithological-resistivity interpretation A Summary list of the interpreted geo-electrical models for VES soundings are presented in Table 2 , while (Figures 4-6) show three examples of VES curves and their geophysical interpretation. Figure 7 shows geoelectrical cross section along a part of the course of wadi Al-Butum area constructed from a series of vertical electrical soundings and correlated with adjacent borehole F1274. The interpretation of resistivity data led to the following findings:
Interpretation of Geoelectrical Resistivity Data
The resistivity of the near surface layer is ranging between 320 and 2000 Ohm.m that characterize and typically indicative to alluvium deposits (gravel, sand). This layer reaches its maximum thickness between VES6 and VES4 (35 m), and does not exposed at VES1. This layer is considered of high potential for groundwater recharge.
A relatively high resistivity layer (290 -935) Ohm.m is found beneath VES10, VES5m, VES2 and VES1. The maximum thickness of this layer is found at VES5 (20 m). This layer is interpreted as paleo-channel alluvial deposits (Figure 2 , location map) and it is considered of high potential for groundwater recharge.
Low resistivity layer (15 -18) Ohm.m has been detected at depth of 45 m below ground surface at VES9 and VES8. The maximum thickness of this layer (35 m) has been recorded at VES9 and does not detected at the other VES sites along the section. This layer is interpreted as a saturated layer of saline groundwater which account for the high salinity of F1274 borehole (1750 μS/cm) ( Table 3) .
The resistivity range (35 -150) Ohm.m extending all over the geoelectrical section (e.g. at depth 38 m beneath VES7, VES8 and VES9, 44 m beneath VES6 and 60 m beneath VES5) is interpreted as the main aquifer to be recharged (Rijam aquifer, B4) in the study area. The variation of resistivity reflects lithological variation and degree of saturation within the aquifer.
Two prominent high resistivity layers (500 -15,000) 
Hydrochemistry Study
A major concern in artificial groundwater recharge studies is the resulting water chemistry when surface water joins the groundwater system and mixes with it. Mixing processes generally shift the water chemistry of the two mixed solution into a middle state between them depending on the mixing ratios [20] . In this study a theoretical hydro-geochemical modeling has been performed using the software HYDROWIN Version. 3 [21] to investigate the affect of recharge surface water on the groundwater chemistry. Therefore, historical chemical analysis of water samples [1] in addition to recent analyzed water samples have been gathered and used in this study. The average chemical composition of runoff (Flood water), rainfall and groundwater samples from different aquifers in Wadi Al-Butum catchments area, and their types are listed in Table 3 .
Mixing Processes and Saturation Indices
Theoretical mixing processes between the flood water and groundwater sample have been carried out using HYDRWIN program [21] . The program allows us to calculate solution specifications and saturation states of the aqueous state with respect to various minerals phases. In this study, the simulation started by adding 0% to 50% of surface runoff water to the groundwater sample of Rijam aquifer (B4) represented by F1054 well and to groundwater of B2/A7 aquifer represented by well F1274 ( Table 5 ). The process is made five times within this range, until equal ratio of 50% to 50% was reached. The results of mixing process and saturation indices are listed in Table 4 , Table 5 and Table 6 respectively. The results of hydro-geochemical analyses and simulation process revealed the following findings:
Water/rock interaction is very limited in well F1054, as indicated by the relatively low salinity (530 μS/cm) and other salinity parameters ( Table 3) . This is because the Rijam aquifer (R4) from which water produced is cropping out at the earth surface or very shallow and is in direct hydraulic connection with alluvial of Wadi AlButum, which are recharged from runoff water of the Wadi. On the contrary, the high salinity (1750 μS/cm) and salinity parameters of Well F1274, which is produced from the deep limestone aquifer (B2/A7), in addition of B4, indicate a major water/rock interaction. Particularly when the infiltrated water contains of high bicarbonate concentrations.
The samples, runoff water, groundwater of different aquifers (B4 of F1054 and B2/A7 of F1274), mixing of different water samples (Table 4 and 5) are under saturated with respect to Gypsum, Anhydrite and Magnesite.
Rainfall is under saturated with respect to Aragonite, Dolomite, Calcite, Gypsum, Anhydrite and Magnesite.
Groundwater of B2/A7 is over-saturated with respect to Aragonite, calcite and Dolomite reflecting the water/ rock interaction. While the groundwater of B4 aquifer is only oversaturated with respect of Dolomite ( Table 6) .
The results of mixing surface runoff water to the groundwater of B4 and B2/A7 indicating over-saturated with respect to calcite.
In general, the theoretical mixing of surface water runoffs with ground water shows an overall upgrading of the groundwater quality. The concentrations of chloride and nitrate ions in addition to other ions were found to decrease in groundwater in most mixing processes, reflecting the overall enhancement of the quality of the original 
Conclusions
Ten vertical electrical resistivity soundings (VES) have been used to investigate the subsurface hydro-geological conditions (to a depth of about 100 m) in Wadi Al-Butum sub-catchments area for groundwater artificial recharge purposes. Adjacent boreholes, historical and recent analyzed chemical analyses of rainfall, surface water and groundwater of two aquifer types' samples were also available.
Interpretation of geoelectrical data indicates the presence of near-surface potential layer of alluvial deposits to store and recharge the shallow limestone aquifer. The thickness of this layer was found to be 35 m in the western part of study area (beneath VES4) and around 10 m at the most eastern part at VES7. Moreover, a highly potential alluvial paleo-channel deposits (20 m) for groundwater recharged is found at VES5. The results of hydrogeochemical modeling, saturation indices and rock/water interactions indicate an overall enhancement of the original ground quality could be expected.
